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This study reports the effects of post-growth He™ irradiation on the magneto-elastic prop-
erties of a Ni /Fe multi-layered stack. The progressive intermixing caused by He™ irradi-
ation at the interfaces of the multilayer allows us to tune the saturation magnetostriction
value with increasing He™t fluences, and even to induce a reversal of the sign of the mag-
netostrictive effect. Additionally, the critical fluence at which the absolute value of the
magnetostriction is dramatically reduced is identified. Therefore insensitivity to strain of
the magnetic stack is nearly reached, as required for many applications. All the above men-
tioned effects are attributed to the combination of the negative saturation magnetostriction
of sputtered Ni, Fe layers and the positive magnetostriction of the Ni,Fe;_, alloy at the
intermixed interfaces, whose contribution is gradually increased with irradiation. Impor-
tantly the irradiation does not alter the layers polycrystalline structure, confirming that
post-growth He™ ion irradiation is an excellent tool to tune the magneto-elastic properties
of magnetic samples. A new class of spintronic devices can be envisioned with a mate-
rial treatment able to arbitrarily change the magnetostriction with ion-induced "magnetic

patterning".
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The magnetoelastic properties of thin films are of major interest for technological use as well
as for scientific investigations. The requirements for the magnetoelastic coefficient (Ay) strongly
depend on the application. Magnetic sensors often need, for example, strain immunity!, i.e. zero
magnetostriction, to reduce strain cross-sensitivity, while actuators require giant strain effects,
achieved in materials such as ThFe, (terfenol)>. One way to obtain the optimal value of the mag-
netostriction for a specific application, is to use the combination of two or more materials with
different magnetic and magnetoelastic properties. Multilayer systems have been widely investi-
gated exploiting the combination of different parameters A, to achieve a target value®®. In these
studies, atomic intermixing at the multilayer interfaces has been identified to severely influence
the total magnetostriction and this interface magnetostriction has been exploited to engineer the
total magnetoelastic coupling of the multilayer>*. In ion-sputtered films, where interface mixing
naturally occurs, Nagai et al.?> were able to change the sign of the magnetostriction of a multilayer
magnetic stack by changing the relative thickness of the layers. However, a clear limit to this ob-
solete approach is the lack of control of the inter-layer roughness and degree of intermixing. The
latter is indeed fixed by the deposition conditions. This imposes limitations to the usability of this
method, as the magnetostriction cannot be arbitrarily nor locally changed.

A widely used technique to modify magnetic properties’ and induce mixing at interfaces'%-!

is ion irradiation. Specifically, the use of light ions such as He™ at energies in the range of 10 —
30 keV induces short range atomic displacements without generation of surface defects in the
material, which instead is more prevailing for heavy atoms!? such as Ar™ or Ga™ . If compared
to alternative techniques to promote atomic diffusion, e.g. annealing, the use of ion irradiation
confines the intermixing to the magnetic layer boundaries and avoids mixing with the nonmagnetic
seed layers (for details see Fig. S1 of the supplementary materials). Additionally, annealing is a
uniform process while the local nature of irradiation interaction can be applied to the magnetic
patterning of multilayer film system. For these reasons, ion irradiation is an excellent candidate to
obtain a desired value of the magnetostriction in a multilayer, by controlling the vertical extension
of the intermixed part. Previous work!? reported intermixing induced magnetostriction changes
using heavy ions and high energies (700 MeV). However, the use of these type of atoms can be
harmful for thin magnetic layers'#, whose magnetic properties such as saturation magnetization
or perpendicular magnetic anisotropy can be easily degraded. Moreover, the presence of cascade
collisions in the material and long-range atomic displacements'> makes the precise control of

magnetic properties a difficult task.
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FIG. 1: (a) - (b) Sketch of the intermixing due to light ion irradiation on a multilayer stack. STEM HAADF
micrograph and EDX elemental maps of the Fe/Ni multilayer system before (c) and after (d) 1 x 10'® ¢m=2 He™ ion
irradiation measured across the first four repetitions on top of the NiFeCr seed layer. The HAADF micrograph is
superimposed with a plot of the atomic composition quantified from the EDX measurements. (e) - (f) Depth
distribution of the elements composing the multilayer structure obtained with ToF-SIMS in the as-deposited and

irradiated samples respectively.

In this work, we study the effect of progressive intermixing at the interfaces of a Ni/Fe multi-
layer caused by light-ion irradiation at different fluences. We report that He™ ion irradiation can
be used to tune locally the magnetoelastic properties of in-plane magnetized Ni/Fe multilayers,
changing the saturation magnetostriction A of the magnetic stack from negative to positive. Impor-
tantly, we confirm that the above mentioned method not only preserves the layers polycrystalline
structure, but also improves the magnetic softness of the material, reducing the coercive field up to
70% and the anisotropy. The key advantages of the proposed method are the high repeatability of
the process and the surface uniformity of the magnetic properties. Moreover this technology allows
for ion-induced "magnetic patterning”, with focused ions or performing the irradiation through a

mask in a similar fashion to semiconductor doping!!'"1¢. Accordingly this technique is suitable to

17,18 19,20

prepare channels for magnetic domain wall motion and skyrmions as it provides for the
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creation of magnetoelastic coupling gradients.

The samples have been prepared by magnetron sputtering using a Singulus Rotaris system on
a SiOx/Si substrate. A multilayer of [Ni(2 nm)/Fe(2 nm)] x 8 is sputtered in the presence of a
rotating magnetic field of 5 mT on a NiFeCr (5 nm) seed layer and capped with 4 nm of Ta. After
that, optical lithography and ion etching have been used to pattern arrays of circles (80 um of
diameter and 3 um of spacing) on the samples in order to probe the local film properties. Multiple
copies of the samples have been irradiated at an energy of 20 keV with different fluences of He™
ions from 5 x 1013 to 1 x 10'® em™2. As reported elsewhere for similar irradiation conditions'!,
collision cascades are absent and the structural modifications are confined to the vicinity of the ion
path in the metal.

At low fluences, it has been shown?! that room temperature irradiation releases strain, whereas,
at high fluences, one major structural effect of irradiation is intermixing, as schematically pre-
sented in Figs. 1 (a) and (b) and confirmed by Montecarlo (TRIM) simulations (Fig. S4 of
the supplementary material). X-ray diffraction and scanning transmission electron microscopy
(STEM) studies indicate in our sample a polycrystalline structure of (110)-textured layers of Fe
and (111)-textured layers of Ni which is not significantly altered by the process of irradiation.
In-depth investigation on the structural changes induced by He™ irradiation and annealing can be
found in section S1 of the supplementary material, where atomic diffusion activated by thermal
energy is compared with ion irradiation. According to TRIM simulations??, the majority (95%)
of the ions reaches the substrate therefore a uniform intermixing in the vertical direction of the
sample is expected, moreover, the effect of ion implantation in the multilayer is negligible.

To have a more quantitative estimation of the formation of the alloy for increasing ion fluences,
a series of experiments to probe structural and chemical modifications occurring at the layer in-
terfaces caused by ion irradiation were performed and are summarized in Fig. 1. Cross sections
of Fe/Ni/NiFeCr on SiO,/Si were prepared using the focused-ion-beam method (FIB). STEM
electron energy-loss spectroscopy (EELS) was performed on a JEOL JEM-ARM200F “Neoarm”
microscope operated at 200 kV to determine the thickness of the prepared multilayers samples.
High-angle annular darkfield scanning transmission electron microscopy (HAADF-STEM, 80-200
mrad) images were acquired and nanoscale chemical analysis via energy dispersive X-ray spec-
troscopy (EDX) was performed in STEM mode. A vertical EDX profile across the bottom layers
of the multilayer stack is shown in Figs. 1 (c) and (d) together with corresponding EDX maps of

the elemental distribution recorded on multilayers before and after He™ irradiation with 1 x 101
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FIG. 2: (a) - (b) Hysteresis loops as a function of the in-plane magnetic field direction measured by Kerr microscopy,
respectively, before and after ion irradiation with a fluence of 1 x 10'® cm~2. As inset, angular plot of the remanent
magnetization M, /M; as a function of the magnetic field angle ®. (c) Saturation magnetic moment (light blue) and

coercive field (orange) as a function of the fluence of He™ ions during irradiation measured with VSM.

cm~? fluence, respectively. After sputtering (Fig. 1 (c) ) the interfaces between the magnetic lay-
ers are well defined. The EDX profile of the relative atomic composition indicates 21(2)% of Fe
in a Ni layer before the irradiation. After irradiation (Fig. 1 (d) ) the ratio of Fe atoms in a Ni layer
increases to 33(4)%. This measured stoichiometric change in the layer composition is reflected in
the displayed EDX elemental maps by the increased diffuse scattering of signal intensity across
the layer interfaces after irradiation. This suggests the formation of an alloy of Ni,Fe;_, at the

Ni/Fe interfaces when the different atoms are displaced under the effect of incoming He™ ions.

Figs. 1 (e) and (f) display the atomic depth distribution measured by Time-of-Flight Secondary
Ton Mass Spectrometry (ToF-SIMS)?3-27. The presence of Fe, Ni and Cr atoms in the multilayer is
reported for samples as-deposited and irradiated with 1 x 10'® ¢ 2 fluence, respectively. Observ-
ing Fig. 1 (e) the position of the periodic oscillations of Ni and Fe appear well defined and have
the same periodicity. The peak position, minima of Ni at maxima of Fe, reflects the layer distri-
bution. The atomic distribution after irradiation is shown in Fig. 1 (f). In this case, the amplitude
of Ni and Fe oscillations is significantly attenuated with respect to the as-deposited case. This is
again attributed to the intermixing of the atoms in the neighbouring magnetic layers, leading to the
formation of Ni,Fe;_, alloy. More details about simulations and measurements to probe structural

modifications can be found in section S1 of the supplementary materials.

The thin film magnetic properties have been measured with Kerr microscopy and Vibrating
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Sample Magnetometry (VSM). Figs. 2 (a) and (b) show in-plane hysteresis loops before and
after the ion irradiation, respectively. In Fig. 2 (a), the as-deposited sample presents different
magnetization curves for different angular directions of the magnetic field, indicating the presence
of uniaxial crystalline anisotropy K, ~ 100 J/m> as can be observed in the inset. The coercivity,
measured along the easy axis of magnetization is 0.95(5) mT. The same magnetic measurements
are reported in Fig. 2 (b) for the sample after He™ irradiation of 1 x 10'® cm™2. The magnetic
in-plane anisotropy is now negligible, as the the different hysteresis loops overlap. The coercivity
is reduced to 0.25(5) mT . The reduction in coercivity and anisotropy might be related to a possible
increase in the concentration of nucleation sites after irradiation, which allow domain formation
and switching of the magnetization at lower fields. As the H. and the magnetic anisotropy are
reduced, the magnetic softness of our multilayer is improved by this material treatment. Fig. 2
(c) reports systematic measurements of the magnetic properties of our [Ni(2 nm)/Fe(2 nm)] x 8
multilayer as a function of the He™ fluence during irradiation. With increasing He™ fluence the
magnetic moment of the sample increases by about 15%, from 2.8(1) to 3.1(2)x 1073 emu. As
reported elsewhere?®, this is an indication of increased level of intermixing of our magnetic layers
(Ni and Fe).

In order to evaluate the potential of ion irradiation to finely tune the magnetoelastic properties
of a magnetic multilayer, the effective magnetic anisotropy in our sample has been measured under
the application of mechanical strain by three-point bending method as previously reported>’. Here
the substrate is bent to exert a uniaxial strain on the sample. Since the magnetization is coupled to
the external strain via the expression of the anisotropy energy>" one way to probe the effect of the
strain is to observe changes in the hysteretic behavior before and after mechanical deformation.
More details can be found in section S2 of the supplementary material. The expression of the
magnetoelastic anisotropy depends on the saturation magnetostriction A, of the material according

t03l

Kyg — gme, (1)

where Y is the Young’s modulus and € is the uniaxial tensile strain. If the directions of the
crystalline and magnetoelastic uniaxial anisotropy are such that K,, 1 Kjy/g, the strain dependent
effective in-plane anisotropy K, sr measured in the system can be written as sum of two terms

according to>2



Kerr =Ky + Kyk. )

As the sign of Kjsg can be negative or positive, depending on the value of A, the total magnetic
anisotropy can, respectively, increase or decrease in the presence of strain. To quantify K, ¢ hys-
teresis loops are measured using Kerr microscopy, where the magnetic field and the tensile strain
are applied along the fixed direction ® = 0°. As the considered relatively thick magnetic system
is dominated by shape anisotropy and thus in-plane magnetized, changes to interface anisotropy
caused by ion irradiation can be neglected in our calculations.

The hysteresis loops measured along the direction of the applied strain &, = 0.06% are reported
in Fig. 3 (a) for samples irradiated with different fluences of ions. In response to the applied
strain, the irradiated samples have a different magnetic anisotropy field. By comparison with the
magnetization curve in the absence of strain (dashed line) two potential scenarios are identified.
When a tensile strain increases the anisotropy field in the direction parallel to &, Kyg and A
are negative. Our sample exhibits negative magnetoelastic coupling in the as-deposited state. On
the other hand, if the strain direction becomes an easy-axis of magnetization (reduced anisotropy
field), Kye and A are positive. This behavior is reported for larger fluences in the same magnetic
stack.

As the difference between magnetic loops before and after the application of strain is pro-
portional to the magnetoelastic anisotropy, the saturation magnetostriction (Ay) of our magnetic

multilayer can be estimated33-3?

using Eq. 1 and Eq. 2. Fig. 3 (b) shows the saturation magne-
tostriction as a function of the fluence of He™ ions. In agreement with the behavior of the magnetic
loops, the value of magnetostriction of the as deposited Ni/Fe multilayer is —2.6(5) x 1076 . He*
fluences larger than 5 x 10'* e¢m ™2 gradually reduce the absolute value of magnetostriction that
then increases through positive values. The change of sign of the magnetoelastic coupling occurs
for fluences between 1 x 10 and 2 x 10" cm=2.

An additional confirmation of the magnetic behavior of the magnetic stack under strain is ob-
tained by imaging domain formation using the magneto-optical Kerr effect (MOKE). A vector
image of the in-plane magnetization is obtained by the sum of horizontal and vertical components
of the magnetic contrast. The MOKE images shown in Figs. 3 (c) - (e) present how the pre-
ferred direction of magnetization changes before and after the application of 0.06% uniaxial strain

in 80 um disk patterned samples. This particular shape has been chosen since it minimizes the

in-plane shape anisotropy. The remanent magnetic domain pattern of the multilayer as-deposited
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FIG. 3: (a) Hysteresis loops measured along the direction of the applied strain (&, = 0.06%) for different fluences
of He™ ions (solid lines) are compared with the unstrained magnetic loop (dashed line). (b) Measured saturation
magnetostriction A (black dots) as a function of the ion fluence and calculated values using Eq. 3 (dashed line) as a
function of the intermixed alloy thickness ty; re, .. A central value of ASN iFer— _ 19 x 10~° with +20% variation is
considered. Kerr microscope images of the remanent magnetic domain state respectively before (left) and after
(right) the application of strain are compared for (c) as deposited case, (d) intermediate value of irradiation and (e)

strong value of irradiation. White arrows represent the direction of the in-plane magnetization in the domains

according to the color wheel.

is presented in Fig. 3 (c). Before the application of strain (left) the magnetization aligns to the
crystalline anisotropy. After the application of strain magnetic domains orient along the y direc-
tion, perpendicular to the uniaxial strain &,,. This is a clear experimental proof of the development
of stress induced magnetic anisotropy Ky ~ —450 J/m> that overcomes the initial anisotropy

direction. Ky is perpendicular to the tensile strain direction due to the negative sign of the mag-

9



netostriction. The domain structure of the sample irradiated with a He™ dose of 2 x 10'> cm ™2

is displayed in Fig. 3 (d), where a value of magnetostriction close to zero is measured. In this
case, the orientation of the magnetization is almost unchanged by the presence of strain, meaning
that Ky is negligible, compared to the crystalline anisotropy of the material K, ~ 100 J/m?>. For
higher values of fluences as reported in Fig. 3 (e), the effects of strain on the remanent magneti-
zation state become again significant. This time the dominant magnetic anisotropy contribution in
the system is Ky;z ~ 280 J /m? as the domains orient along the x direction, parallel to the applied
strain €. Thus, the magnetoelastic coupling of the stack has been altered using ion irradiation
obtaining values of magnetostriction that range from negative to positive.

As previously reported®, the small value of magnetostriction in our (as-deposited) periodic sys-
tem is caused by the balance among the negative magnetostriction of Ni (AN = —30 x 107)
and Fe (Af* = —9 x 107%) and the strongly positive magnetostriction of Ni Fe;_, alloy film
(?LS{V Feso — 19 x 10~%) with a relative composition close to 50%°%37. As shown by STEM-EDX
measurements, a more intermixed interface region of Ni,Fe|_, is formed at the boundary between
Ni and Fe layers by He™ ion irradiation. Hence, the thickness of the positive magnetostrictive al-
loy increases proportionally to the fluence of the He™ ions during irradiation, as also confirmed by
ToF-SIMS measurements. This gradually shifts the magnetostriction of the full stack to positive

values. A common way to describe the effective magnetostriction in the presence of intermixing
is3—6,38—40

As _ s > s 4 (ZlSleFelﬂ _A’SIVZ _AsFe> lxt el—x’ (3)

p
where 1, = ty; +1tr. = 4 nm is the period thickness, ty; re, . describes the thickness of the alloy
originated by the intermixing and QL;V “Fei-x is the saturation magnetostriction of the intermixed

alloy. With the appropriate magnetostriction values, Eq. 3 can be used to describe different ma-
terial systems. The solution of Eq. 3 as a function of #y; re, . is shown in Fig. 3 (b) for the
system investigated in this study. A central value of ASN “Fel—+ — 19 % 1076 with £20% variation
is considered. More details about the calculations are reported in section S1 of supplementary
material. After deposition in similarly sputtered Ni/Fe multilayers? INi.Fe, , has been estimated to
be around 0.85 nm, under the assumption tr,/t, = 0.5. Using this value of ty; ., . Eq. 3 returns
As = —2.8(2) x 1079, close to the measured value after deposition. Moreover, the amount of in-
duced intermixing caused by He™ ions can be estimated using Eq. 3. The calculated INi Fe, , 18

0.98(2) nm at the magnetostriction compensation value (A4, = 0) and 1.05(2) nm for the highest
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fluence, where the magnetostriction is positive due to the dominant effect of the alloy. This cor-
responds to 20% increase in the alloy thickness induced by He™ between 0.2 x 10> and 5 x 1013
cm ™2, in agreement with the information extracted from STEM-EDX and ToF-SIMS measure-

ments.

In conclusion, this manuscript presents an experimental investigation in to the magnetoelastic
properties of sputtered Ni/Fe multilayers after He™ ion irradiation. Using different experimental
techniques for structural analysis, the presence of moderate roughness and alloying is observed
after sputtering at the Ni/Fe interface. This can justify the small negative value of magnetostriction
in the as-deposited state. In the same way, it was found that light ion irradiation promotes the
intermixing of the sputtered layers at the interfaces proportional to the ion fluence. This process
can explain the reported changes in the saturation magnetostriction of the magnetic stack. The
increasing fluence of the irradiating ions progressively changes the saturation magnetostriction
inducing a change in sign of the magnetoelastic coupling of the material, from negative to positive
for high fluences. Remarkably, strain insensitivity on the magnetic properties of the proposed
material can be obtained with ion fluences between 1 x 10" and 2 x 10'> ¢m=2. Importantly,
the polycrystalline structure of the layers is confirmed to be unchanged after the used irradiation

conditions.

As a result, post growth He™ ion irradiation has been demonstrated to be an excellent tool that
allows to fine-tune the magneto-elastic properties of multilayer magnetic samples and we expect
this method to be applicable for several material combinations. Accordingly, this technique can
be expected to be the next generation of material treatment offering the possibility to have local
patterning of magnetostriction with high control and flexibility, allowing the realization of highly

demanding and novel applications.

SUPPLEMENTARY MATERIAL

See supplementary material for the complete characterization of the intermixing, the alloy com-

position and for details on the calculation of the magnetostriction.
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